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v = [u, v, w, p, q, r]T
[Vw, θw, psiw]
vdl = [u, v, w]
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47:<G7¤2@F:E9}/=Y ~Va|Ra = [va, 0, 0]
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dPd|Rd
dt















m~˙VC|Rd −mS(rc)~˙ΩC|Rd + ~Ω ∧m~VC − ~Ω ∧mS(rc)~Ω =
∑ ~Fext






























m~˙VC|Rd + ~Ω ∧m~VC =
∑
~Fext





































































m 0 0 0 mzg 0
0 m 0 −mzg 0 mxg
0 0 m 0 −mxg 0
0 −mzg 0 Ix 0 −Ixz
mzg 0 −mxg 0 Iy 0







































−mzgur +mzgwp− Ixzpq − (Iy − Iz)qr
−mzgvr −mxgvp+mzgwq +mxguq + Ixz(p
2 − r2)− (Iz − Ix)pr
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vA = [va|Rd, vdr]
T Y47A\G7476 va|Rd
BD:<6G=6%4=6%?</69I7/29:Eu\GÊ²2d¡l{Y












































































a11 0 0 0 a15 0
0 a22 0 a24 0 a26
0 0 a33 0 a35 0
0 a42 0 a44 0 a46
a51 0 a53 0 a55 0

































(a11 − xm22)q −a22p 0
D1z2 −(a62 + a35)q D1z3
(a35 + x
2m22)q −a42ra62p −a15q
D1z4 (a15 + a42)q −a53p
a24r −a35q a26r
a35q −a15q 0
−a24p− a26r a15q 0
−a64q (a55 − a66)r 0
D1z5 0 −a64r















D1z1 = pm13 + r(xm11 − a11)
Y
D1z2 = pm33 + r(a15 + xm13)
Y
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CN = 0.024 + 0.937 sin 2(α + 0.085δe) cos
2 β + 1.855 sin(α + 0.085δe) cos β√
sin2(α + 0.085δe) cos2 β + sin
2 β
CL = 0.1226 cosα sin 2β + 0.372 sinβ
√
sin2 α cos2 β + sin2 β + 0.937 cosα sin 2(β−
0.085δg) + 1.855 sin(β − 0.085δg)
√














cos2 α cos2 β
K1 = −0.0553− 0.0129δe + 0.0488δ
2
e




















cos2 α cos2 β
K1 = −0.0553 + 0.0129δg + 0.0488δ
2
g











(0.548 sinα + 1.045ρ cosα) sin 2β
Cm|N = −0.04− 0.173 sin 2(α + 0.2δe) cos
2(β)− 1.234 sin 2(α + 0.2δe) cosβ√
sin2(α− 0.2δe) cos2 β + sin
2 β)
Cn|N = 0.012 cosα sin 2β − 0.069 sinβ
√
sin2 α cos2 β + sin2 β + 0.173 cosα
sin 2(β − 0.2δg) + 1.234 sin(β − 0.2δg)
√
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z˙ = −u sin(θ)
θ˙ = q
q˙ =
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−(xgFG −
xcFB) cos θ+FmOz cosµ ≈ 0
"
θ ≈ 0 → sin θ ≈ θ
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z˙ = −u sin θ
θ˙ = q
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x˙ = u cosψ − v sin psi















































x˙ = u cosψ
y˙ = u sinψ
ψ˙ = r
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xk+1 = Fkxk + wk


























































Pk = E[(xk− xˆ
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Pk = (I −KkHk)P
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xk+1 = f(xk) + wk
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Wi = 1/2(n+ k)
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Yi|yh = h(Xi|s, um)










i=0WiYi|yh − YestYi|yh − Yest
T






i=0WiXi|xf −XestYi|yh − Yest
T






Xˆ = Xest +Kn(Ymeasure − Yest)
Px = Px,x −KnPy,yK
−1
n
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xk+1|new = Φk(xk, ξk) + γk
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error, x=[v − v*]
f(x
)





























error, x=[r − r*]
f(x
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error, x=[y − y*]
f(x
)
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error, x=[Vy − Vy
* ]
f(x)























error, x=[y − y*]
f(x)


























error, x=[ψ − ψ*]
f(x)
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error, x=[y − y*]
f(x
)





error, x=[z − z*]
f(x
)





















error, x=[ψ − ψ*]
f(x
)
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error, x=[y − y*]
f(x)


























error, x=[ψ − ψ*]
f(x)
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x˙ = f(x, t)
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χ = [x, κ, τ ]T
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x(k + 1) = x(k) + Tm
τ(k)
(κ(k)u(k)− x(k))
τ(k + 1) = τ(k)
κ(k + 1) = κ(k)
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z(k + 1) = z(k) + Tmkz(k)θ(k)
θ(k + 1) = θ(k) + Tmq(k)
q(k + 1) = q(k)(1 + Tmk1(k)) + Tm(k2(k)θ(k) + k3(k)δe(k))
kz(k + 1) = kz(k)
k1(k + 1) = k1(k)
k2(k + 1) = k2(k)
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1 Tmkz 0 Tmθ 0 0 0
0 1 Tm 0 0 0 0
0 Tmk2 (1 + Tmk1) 0 Tmq Tmθ Tmδe
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
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χ1 = [ψ, r, k1, k2]
T dJD@FHpI#JDHCIKJ U#DJTlJYW0JYD@WflQLucUKQJYV2O*J~
ψ(k + 1) = ψ(k) + Tmr(k)
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error, x=[z − z*]
f(x
)





error, x=[θ − θ*]
f(x
)
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0 0 1 0
0 0 0 1
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error, x=[ψ − ψ*]
f(x
)
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k1(cT1 + cT2α + cT3δe)
k1(cL1 + cL2β + cL3δg)
k1(cN1 + cN2α+ cN3β)
k2(cl1 + cl2α + cl3δe)
k2(cm1 + cm2β + cm3δg)
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u 0.0177 0.0004 0.0190 0.0006
v 0.0034 0.0006 0.0058 0.0007
w 0.0156 0.0003 0.0287 0.0007
p 0.0016 0.0001 0.0017 0.0002
q 0.0019 0.0001 0.0023 0.0002
r 0.0057 0.0001 0.0020 0.0002
x 0.0439 0.0015 0.0639 0.0016
y 0.0670 0.0025 0.0209 0.0027
z 0.0217 0.0038 0.0086 0.0040
φ 0.0626 0.0009 0.0651 0.0009
θ 0.0179 0.0001 0.0209 0.0003
ψ 0.0153 0.0171 0.0603 0.0018
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a11 1.5276 1.2633 1.9660
a22 21.0933 20.8660 21.1896
a33 20.4220 20.2018 21.4239
a44 16.3905 15.9151 16.8548
a55 382.1290 380.0030 380.1463
a66 388.0972 379.9988 384.0155
a15 = a51 0 0.1309 0.0001
a24 = a42 0 −0.0958 0.1628
a26 = a62 −69.6939 −59.9030 −69.8978
a35 = a53 67.7045 70.0684 70.3361
a46 0 0.0801 0.0101
m13 1.2801 2.0621 1.5235
m33 −49.7019 −48.0249 −48.5013
xm11 25.6919 23.0748 24.5183
xm22 23.6878 20.0129 21.0075
xm13 −4.5582 −9.1165 −5.4699
x2m11 −173.4906 −150.0044 −170.8227
x2m22 −166.3538 −149.9994 −158.8524
CT1 − −1.8974 −0.6579
CT2 − 0.1071 0.1069
CT3 − −2.8752 −0.6877
CL1 − 50.8756 15.4789
CL2 − −15.9874 −11.5582
CL3 − −1.2234 −7.2243
CN1 − −0.0417 −0.0664
CN2 − 0.5487 0.5789
CN3 − 1.0258 0.389
Cl1 − 0.0205 0.0304
Cl2 − −0.1919 −0.1271
Cl3 − 0.0170 0.0266
Cm1 − −0.0405 −0.0415
Cm2 − 0.7975 0.9982
Cm3 − 0.2930 0.2173
Cn1 − 1.0833 0.6207
Cn2 − −0.8574 −0.7589
Cn3 − 0.0450 −0.0010
 	% 	ffi  








a15 = a51 6.9103 0.1309
a24 = a42 1.2382 0.1240
a26 = a62 −195.3407 0.1269
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δe(s) = kpz +
ki
s




s4 − s3(k2 + k3k2d)− s




(s2 + 2ζwns + w
2






















































































































δg(s) = Kpψ +
Ki
s






















































































































qD fl     Ë¥2¨ªf«8¯'«Ò­?¨?®U¯?¥¡:®[§
¤¦¥2³[­?¡R«¯?®[¤¦¥2§¯?¬R§¦¥a' «8¯?®[§¥2§{ªO¤X­?ªO¬)«¡¹«	¡R«Í.®[¤,«¯?¥¿¤¦¥f«¡:¬R»f«8¤<¬R²°£?¡R¥O²¥O¨©,«ª2¬:®[¨?¥O§¥O¨©X¬R¥2²°£®	¤¦¥f«¡Ø·
£?¤¦®©,¥O³[¬R¥O¨?¯?®¡)«§V§X¥(' «¡R¥O§;¯?¥Dª2®[¨J©,¤¦®[¡¾ª2­'«¨.¯?®Ò¥2¡¥2¤¦¤X®[¤V¯?¥{§¦¥2³[­?¬:²¬:¥2¨J©,®°£¥2¤X§¦¬R§q©,¥*	¡)«°«ªOª2¬%¨¯?¥
ªO®[¨J©,¤X®¡H§X¥v¥O¨?ª2­?¥O¨J©,¤,«Ł§,«M©,­?¤X«¯'«.ºXV¨'«{§X¬A©,­'«8ª2¬%¨Ò¯?®[¨?¯.¥§¦¥<£?¤X¥O§X¥O¨©,«°¡R«{«ªOª2¬%¨¼¯?¥2¡  O 
































































































































































































































8:9<;>=D4\a ?	 H C GM <JK(SC KH  SNOS M QSQJ MnH1JCFH KH



































Airship position during the flight
start
recovery of the system
cruise flight
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J(N1, N2, Nu) = E
N2∑
j=N1
δ(j)[y(t+ j|t)− w(t+ j)]2 +
Nu∑
j=1
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T (k) = T (k − 1)− 4.7404va(k) + 4.0845va(k − 1) + 0.0151va|ref(k + 1)
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0.000603 + 0.002424z−1 + 0.000609z−2















δe(k) = 0.9484δe(k − 1)− 0.0516δe(k − 2)− 24.2363z(k) + 65.6447z(k − 1)− · · ·



























































































































δg(k) = 0.9717δg(k − 1)− 0.0282δg(k − 2)− 38.5727ψ(k) + 64.3467ψ(k − 1)− · · ·
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Airship position during the flight
start
cruise flight
recovery of the system
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f(x, u) = f(x0, u0) +
∂f
∂x
(x0, u0)(x− x0) +
∂f
∂u




δx = x− x0
*














































u = Ω(x, v)
LO4@a6Z6
U
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z˙ = −u sin θ
θ˙ = q










δz˙ = −u cos θ0δθ
δψ˙ = δq













K = [kz, kθ, kq]
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Airship position during the flight
start
recovery of the system
cruise flight
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x˙ = u cosψ






x˙ sinψ = 0
. ÜQdÀ Q Z ½ 9Y½^ê-%`0*Q9YÒKÙ1Ò@ÛÒKÑÓÒ@ÜÍßeÑÓÙÚ&ÑãUàÒKÔ8ÚÑØÒ@ÕÐ;ÑÓ×IÜ@ÜÍ×T¸eÎ¨ÙÒKÔTÚÎß»ß&ÔTßeÎß&á ]TÚ¶Ü@ß&ÎÕÓ×IÕØÐ;Ò
ÒÍÎ.Ô8Ú#Ò*SY×TÕØÐÓÒ@ÎÜÍ×8ÚçÙÒàÎ Ú&Ü@ß&ÖÔ8Ú&á¾×TÒÍÎWÐ;ßâÒÍÎWÐ;ÑÓÒÔ8ÚâÖßeÕÓ×IÜ@×I¸eÎ ¹ Ô8ÚâÙ1×TÑÓÒÍÜ@ÜÍ×T¸eÎ.Ú#Ô8Úâ»ß&Ñ;ÚâÙÒÙBÚ&Ñ
ÕØßeÔTàÜÍ×T¸eÎÚÔTÚ¾ÚGÎUÐÓÒ@ÑØ×TßeÑÒÍÜ@àBÚGÜ@×T¸&ÎEQ
FÚ&á¾×TÎß&Õ]ÙÒÝÔIßeÎée×OÐ;àÙ ¸&Ö1Ð;×Iá]Ú . Ò@Î ÒÍÔJÜwÚ&ÕØßÙßeÎÙÒÝÒÍÔJÕÓ×IÕØÐÓÒ@áÚçÕÓÒÝÙÒÍÕÓÖÔTÚ;wÚÚâäeÒÍÔTßMÜ@×IÙBÚ&Ù
ÜÍßeÎÕØÐ;Ú&ÎWÐ;ÒT0jhÕÓÒÐ;×IÒ@ÎÒãUàÒ¾Ô8ÚæÕØßeÔTà1Ü@×T¸&ÎZÒÍÕKÐuÚ&áÛ1×T¼@Î ÙÒÐÓ×TÖß¨¸eÖ1Ð;×Iáß¨ÒÍÎZÐÓ×TÒÍáÖßhÀ à1Ò@ÑÓß&Î#ÙÒÔIßeÕ














































U = [u, δg]
ÒÍÕÜ@ßeÎWäeÒ*SYß ¹âÕÓÒæÖ1àÒ@ÙÒ¨ÒÍÎÜ@ß&ÎUÐÓÑ;Ú&Ñà1ÎBÚÐ;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8ÚãUàÒæÐÓÑ;Ú&ÎÕ·BÒ@ÑÓÚÝÒ@Ô
ÕÓ×TÕÐ;ÒÍá]Ú¨ÙÒÍÕÓÙÒ¾àÎZÖàÎWÐ;ßffiÜ@àBÚGÔTãUà×TÒÍÑ;ÚÚ¨ß&Ð;ÑØßdQ¥(ÒÍÕ;ÚGÀ ß&ÑØÐ;à1ÎBÚ&ÙBÚ&á¾Ò@ÎWÐÓÒ¾ÒÍÔÏ»BÚ&ÜÍÒ@ÑxãUàÒÒ@ÔÏÙ×IÑÓ×Té&×TÛÔIÒ














λ(t) = {λ1(t), λ2(t), λ3(t)}
Ü@ßeÎWÐÓ×TÎUàßdQ
c3ÔTÚ&ÎWÐ;Ò@Ú&ÎÙß¾Ò@Ô MÚ&á×IÔIÐÓßeÎ×8ÚGÎß¶ÖÚ&Ñ;ÚÒ@ÔÕØ×TÕÐ;Ò@áÚV6dQ+aX
H = λ1u cosψ + λ2u sinψ + λ3δg
.$6dQ36'0







Ò@ÎÜÍßeÎWÐ;Ñ;ÚGÙBÚ&Õ . ÜÍßeÎWÐ;ÑÓß&Ô ¸eÖ1ÐÓ×Tá¾ßæÙÒÐ;×IÖß¨ÛÚ&Îé!ffi ;@Ò@ÑØß!ffipÛÚ&Îé'0R¹ÔTÔIÒÍäGº&ÎÙß&Ô8Ú&Õ(ÚæàÎZÚ&ÎBº&ÔI×TÕÓ×IÕ(éeÒÍßeá¾¼Nffi
Ð;ÑÓ×IÜ@ß	ÙÒ@ÔÖÑÓß&ÛÔTÒÍá]Ú2hÕØÒ]ÒÍÎÜ@àÒÍÎWÐ;Ñ;ÚGÎ

Ü@ÔTÚ&ÕÓÒÍÕÙÒÜ@àÑäGÚ&Õ¸eÖYÐ;×TáÚ&Õ . Ü7Q À Q.Z32 9I2½Ìê6`i0jhÀ ßeÑØá]ÚGÙBÚ&Õ
ÖßeÑxÔ@]TÎÒ@Ú&ÕJÑÓÒÍÜÍÐ;Ú&Õ{¹åÔ]TÎ1ÒwÚ&ÕJÜÍàÑØäGÚ&Õ=Q Z(ÕÓà1á×IÒ@ÎÙßÙÒáÚ&ÎÒÍÑ;Ú¨ÕÓ×Iá×IÔ8Ú&ÑÔ8ÚæÎß&Ð;Ú&Ü@×I¸eÎ ÕÓÒÍéeà×TÙÚÖßeÑ





















u, w ∈ [0, v]
h1¹
0 ≤ u < v − pi
ß











u, v ∈ [0, 2pi]
¹














    fffiffifl  "d#%&N"( #*$




x1 = ρ sin v








x2 = ρ sin v + s cos v
y2 = ρ− ρ cos v + s sin v
.^6dQ  0
.3ÔAÔIÐÓ×Tá¾ßffiÐÓÑ;Úw¹eÒÍÜÍÐÓßZÕØÒ¨ÑÓÒ@Ú&ÔT×@;wÚ	ÕØßeÛÑØÒ¨àÎBÚåÔ]IÎÒwÚ	Ü@àÑä&ÚfhÊÕ;ÚGÔT×TÒÍÎÙßåÙ1Ò@ÕÓÙ1Ò¨Ô8ÚÖßeÕÓ×IÜ@×I¸eÎâ×IÎ:ffi
ÐÓÒ@ÑÓá¾Ò@Ù1×8Ú =¹ ÔIÔTÒ@éeÚ&ÎÙßffiÚ	ÔTÚffiÖßeÕØ×TÜ@×I¸eÎ áÒ£ÐuÚ . ÜÍßeÎWÐ;ÑÓß&ÔÕÓÚGÐ;à1Ñ;Ú&ÙßffiÐ;×IÖß E0Q^½ÌÚ&Õ¶ÒÍÜ@àBÚGÜ@×Tß&ÎÒ@Õ
ÕØßeÎ X
xf = ρ sin v + s cos v + ρ sinψ − ρsinv










∆x = ρ sinψ + s cos v
















ÖßeÑ BÒÍÑÓÎBÚ&Î1ÙÒ@ÕqZ A]{½Ìê6G` hYÙßeÎÙ1ÒJ×TÎÕØÖ×TÑÓÚ&ÙßÒÍÎ¨Ô8Ú¶Ú&ÖÑÓßTSY×TáÚ&ÜÍ×T¸eÎÙÒq[t×IÐ ;%hYÖ1ÑÓßeÖßeÎÒàÎ¨á¼£Ð;ßMÙß
ÎUàá¾¼@ÑØ×TÜ@ßÝãUàÒffiÒ@Î1Ü@àÒÍÎUÐÓÑ;Ú Ô8ÚÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8ÚÝÕØÒ@á¾× ffip¸&Ö1Ð;×Iá]ÚffiÙÒàÎ ÕØ×TÕÐ;Ò@áÚåÎßZ»ßeÔIßeÎ¸eá¾×TÜÍßdQ^¿ÎBÚ


































x˙ = u cosψ



















u cosψ 0 0 −kgu sinψ
u sinψ 0 0 kgu cosψ
r 0 kg 0

















λ(t) = {λ1(t), λ2(t), λ3(t), λ4(t)}
ÜÍßeÎWÐ;×TÎUàßIQcÏÔ8Ú&ÎWÐÓÒwÚ&ÎÙ1ß









u+ λ1 cosψ + λ2 sinψ + λ3r = 0































ÚæÔTÚæÎMà1ÒÍäGÚÀ à1ÎÜ@×I¸eÎ ÙÒÜ@ßeÕÐ;ßÕÓÒÔIÒÚ&Ù×TÜÍ×TßeÎÚ]àÎÝÐ;¼ÍÑÓá¾×TÎß¨ãUàÒ¾Ú&ÕØÒ@éeàÑØÒÚ&Ô ÕØ×TÕØÐÓÒ@áÚ¨ÔTÔTÒÍéWÚ&Ñ(ÚæÔ8Ú





2 + γ||f(α)− qf ||
2 .^6dQ@+T>N0
ãUàÒ@ÙÚ&ÎÙßèÒ@ÔKÖÑØßeÛÔIÒ@áÚâ×TÎ×IÜ@×TÚ&ÔÎ1ßèÜÍßeÎWäeÒ*S1ß Ü@ßeá¾ßàÎ ÖÑÓß&ÛÔTÒÍá]ÚâÜÍßeÎWäeÒ*S1ßè¹ À º&ÜÍ×TÔTá¾Ò@ÎWÐÓÒ
×IáÖÔIÒ@á¾Ò@ÎWÐuÚGÛÔTÒ¶ÕÓàZÕÓßeÔIàÜ@×I¸eÎ Ò@Î#Ú&ÔTéeß&ÑÓ×IÐÓáß&Õ(ÙÒÖÑØßeéeÑ;ÚGá]Ú&ÜÍ×T¸eÎÝÜÍàBÚ&ÙÑÓºGÐ;×IÜwÚIQ_9YÒÑÓÒ@ÜÍßeá¾×TÒ@Î1ÙBÚÚ&Ô
ÔIÒ@ÜÍÐÓßeÑ×TÎWÐÓÒ@ÑÓÒÍÕ;Ú&Ù1ß¾ÒÍÎ	Ö1ÑÓß&À àÎ1Ù×;@Ú&ÑÕÓßeÛ1ÑÓÒxÒ@ÕÐ;Ò¶Ú&ÔTéeß&ÑÓ×IÐÓáß¶ÑÓÒ£äY×IÕ;Ú&Ñ  {½Ìê6ffiQ










x˙ = u cosψ
y˙ = u sinψ
ψ˙ = r

























u cosψ 0 0 −u sinψ
u sinψ 0 0 u cosψ
r 0 1 −kr





















(u2 + δ2g) + λ1u cosψ + λ2u sinψ + λ3r + λ4(δg − krr)






/1)0 fi ,%,/03'(0 fi,% fiY)

(2+03*)73%






































X position [m], North






























ζi = [0, 0, 0]

ζf = [250,−250, 0]
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ÖßeÕÓ×IÜ@×I¸eÎUhÔ8Úæ×TÎWÐÓÒ@ÑÓá¾Ò@Ù1×8ÚæÖÑØÒ@ÕÓÒÍÎWÐuÚÔ8ÚæÒÍä&ßeÔTà1Ü@×T¸&ÎÝÙÒÔ8ÚæÙ×IÑÓÒ@ÜÍÜ@×I¸eÎå¹ÝÔ8ÚÜ@àÑä&Ú×TÎYÀ Ò@ÑÓ×IßeÑ(Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ
ÒÍÔÜ@ßeá¾Öß&ÑØÐuÚGá×IÒ@ÎWÐ;ßÙ1Ò{ÔTÚäeÒÍÔTßMÜ@×TÙÚ&ÙffiÚ&ÎéeàÔTÚ&ÑÙÒÍÔÙ×TÑØ×Tée×IÛÔTÒ7Q














X position [m], North
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	ffflfiffi !"$# 	%&!'(	*)+!,- ζi = [0, 0, 0]  ζf = [250,−250,−90]
8(Ð;ÑØßeÕ´ÑØÒ@ÕÓà1ÔIÐuÚGÙßeÕÕØßeÎ¨ÖÑÓÒÍÕÓÒÍÎUÐ;Ú&ÙßeÕÖßeÑ6dQg=/.YÜÍàBÚ&ÎÙßÒÍÔÙ×IÑÓ×Iée×TÛÔIÒÙÒ@ÛÒJÑØÒwÚ&ÔI×;wÚGÑ~àÎÚá×IÕÓ×I¸eÎ
ÜÍßeáÖ1ÔTÒÍÐ;Ú'.1ÕÓÚ&ÔT×IÒ@ÎÙ1ßÙÒ
ζi = [0, 0, 0]
¹æÔTÔIÒ@éWÚGÎÙßÚ












ζ5 = [−50, 200, 0]
.
ζ6 = [250, 250,−270]
.




















































































 	    fiffffifl !#"$&%' ( *, - 0/, -%"3#"54"$6 -. 7
ζi = [0, 0, 0]
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d˙ = va sinψe
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d˙ = va sinψe
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−kd (s− kψe) ka
1 0 s
∣∣∣∣∣∣ = s3 − s2(kψe)− s(akd) + aka
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Airship position within 3D, tracking task
Position on axis X [m], North
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Airship position within 3D, tracking task
Position on axis X [m], North
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NL = 0.01482332769204xrpm − 30.66539713900427





















































































Yrpm = −0.00006037 ∗ x
3
PWM + 0.29296733 ∗ x
2
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